ABSTRACT Aedes (Stegomyia) cretinus is a rarely documented mosquito with a Mediterranean distribution, whereas Aedes (S.) albopictus has spread worldwide in the past two decades because of its anthropogenic associations. A third closely related species, Aedes (S.) flavopictus, is sympatric with A. albopictus in northeast Asia. The three species are characterized by a striking mid-thoracic white stripe and, consequently, Þeld-collected individuals may be difÞcult to separate by morphology. Sixteen biochemical markers were described for laboratory strains representing the three species; these provided the Þrst biochemical genetic proÞle for A. cretinus and A. flavopictus. Diagnostic enzymes for identifying each species pair were determined. A biochemical key was provided to distinguish among adults of the three species. Several enzyme loci that were diagnostic for the adult stage proved unreliable for identifying immature stages. Voucher specimens for link-reared series of larva, pupa, adult male, and adult female stages of the A. cretinus Crete strain (n ϭ 88) and the A. albopictus Nepal strain (n ϭ 105) were deposited at the Yale Peabody Museum of Natural History, New Haven, CT.
THE RECENT WORLDWIDE EXPANSION of the range of the Asian tiger mosquito, Aedes albopictus (Skuse), as well as its involvement in dengue transmission to humans, has led to an increased interest in surveillance for charting changes in distribution for this species. Its most recognizable morphological feature is a brilliant longitudinal thoracic stripe. Unfortunately, this stripe also characterizes 45 additional species in the Aedes scutellaris group, including such common species as Aedes (Stegomyia) pseudoalbopictus (Borel), Aedes (S.) unilineatus (Theobald), and Aedes (S.) novalbopictus Barraud (Rai et al. 1982 , Huang 1972 . Recently, another species with this characteristic was discovered in oak tree holes on the Mediterranean island of Crete and identiÞed as Aedes (S.) cretinus Edwards (L.E.M., unpublished data) .
Aedes cretinus is a rarely collected and poorly documented mosquito that has been reported from Cyprus, Crete, Macedonia, Georgia (former Soviet Union), and Turkey (Antalya) (Lane 1982 , Alten et al. 2000 . The rarity of these reports in the Mediterranean region is probably a surveillance artifact as a consequence of the tree hole larval habitat although it is locally abundant in rural and urban settings in Crete (L.E.M., unpublished data). The recent morphological descriptions of adult female, adult male, pupa, and fourth-stage larva have been based on six, one, seven, and six specimens, respectively (Lane 1982 , Mattingly 1954 . The authors indicated the specimens to be in poor condition and, in the case of the larval description, the association between larva and adult identiÞcation was not possible to ascertain (Mattingly 1954) . No information has been documented regarding disease transmission, population genetics, ecological requirements, or behavior.
Aedes cretinus is classiÞed in the same group, shares the same preferred habitat, and is morphologically similar to its sister species A. albopictus (Taafe 1997) . Aedes albopictus has a well-characterized biology and is a secondary vector of dengue in Asia (Hawley 1988 , Rai 1991 , Estrada-Franco and Craig 1995 . Although A. albopictus is a pervasive species in Southeast Asia, its recent range expansion to the Þve other continents has been attributed to the international trade in used tire casings. Used tires in outdoor storage provide oviposition sites and protected larval habitats; tire trade provides a mode for egg dispersal (Hawley et al. 1987 , Francy et al. 1990 , Knudsen 1995 , Lounibos 2002 .
Aedes albopictus was reported from Albania in 1979 (Adhami and Reiter 1998) and is Þrmly established in Italy (Knudsen et al. 1996) . Because of the ease of accidental transport by humans, A. albopictus has infested France (Schaffner and Karch 2000) and is expected to expand into other parts of Europe. Based on parameters including temperature and rainfall, the Mediterranean and eastern European countries are projected as most amenable to A. albopictus establishment and maintenance, including Greece, parts of Turkey, and the former Republic of Yugoslavia (Knudsen et al. 1996) . Because this projected expansion of A. albopictus overlaps with the known distribution of A. cretinus (Taafe 1997) , the latter species must be distinguished from A. albopictus in surveillance programs. Larvae (Mattingly 1954 , Hawley 1988 and pupae (Darsie 1999) are distinguishable by morphological characters, and newly emerged adult female A. cretinus can be distinguished from A. albopictus by unique patterns of scutum scales (Taafe 1997) and tarsal claw morphology (Edwards 1921 , Gutsevich et al. 1974 ). However, Þeld-collected adult specimens often have missing diagnostic scales, tarsi, or entire legs. A similar problem appears for two cooccurring Japanese species, whereas A. albopictus is found in sympatry with the related A. flavopictus (Tanaka et al. 1979) . Although the two species are readily separable by adult scale patterns, separation of Þeld-collected specimens can be problematic.
The primary goal of the current study was to discover biochemical characters to provide species identiÞcations for three morphologically similar Aedes mosquito species in the subgenus Stegomyia. All are members of the Aedes scutellaris group, Aedes albopictus subgroup (Knight and Stone 1977) ÐA. cretinus, A. albopictus, and Aedes flavopictus. A second goal was to provide reference genetic data for the three species, with particular emphasis on A. cretinus. A third was to deposit of a large, link-reared series of A. cretinus in an accredited entomological museum.
Materials and Methods
Mosquito Strains. One A. cretinus strain, four A. albopictus strains, and one A. flavopictus strain provided the necessary specimens. All strains were maintained in colony for Þve or more generations with the exception of A. albopictus MARK from which F 1 progeny were assayed. Table 1 presents information on geographic origins, generations in colony, and collection notes associated with each strain. The Aedes aegypti (Linnaeus) ROCK strain was used as a reference standard on all gels (Munstermann 1994) . Enzyme proÞles were compared in adult females, pupae, and fourth-stage larvae of each species. For examination of genetic variation, adult females only were assayed. Voucher specimens were deposited at the Yale Peabody Museum of Natural History, New Haven, CT.
Mosquitoes were reared in the laboratory at Ϸ27Ð 28ЊC and 80% RH according to methods described by Munstermann and Wasmuth (1985) . Adults were frozen at Ϫ70ЊC 24 Ð 48 h after emergence. Fourth-stage larvae and pupae were blotted on paper towels and frozen at Ϫ70ЊC.
Enzyme Electrophoresis. Native polyacrylamide gel electrophoresis (PAGE) separated enzymes in vertical slab gel format. Each electrophoresis unit accommodated four, 1.5-mm thick gels, each with 28 lanes. Individual specimens were homogenized in grinding buffer, and 1Ð2 l of crude homogenate were added to each lane with a calibrated syringe. The protocols for the preparation of specimens, buffer systems, and acrylamide solutions, and the pouring, loading, and running of gels were described in Black and Munstermann (2004) . Methods for the visualization of enzyme activity with histochemical staining techniques and a protocol for drying PAGE gels with dialysis membrane were also provided (Black and Munstermann 2004) . Recipes for histochemical stains were taken from Murphy et al. (1996) . Data Analysis. Fifteen enzyme assay systems permitted examination of 24 presumptive genetic loci. Of these, assays for 14 enzymes (16 loci) provided gel phenotypes sufÞciently deÞned to use as genetic markers ( Table 2 ). The migration distance of each electrophoretic band was measured from the lane origin with a 0.5-mm accuracy. For each enzyme band, the migration of A. aegypti rock gel band was assigned a value of 100, and the migration distances of the other bands were indexed relative to the rock phenotype (the R f or running front value) (Black and Munstermann 2004) . Slight variations in R f existed among gelsÑthe mode value was chosen as the representative migration distance. Allelic data were organized as 
Results
Genetic Variability. Measures of genetic variation were based on detection of differences in migration of enzyme phenotype (Table 3 ). An average of 134 A. cretinus, 168 A. albopictus, and 50 A. flavopictus adult females was sampled for each enzyme system (Table  4 ). All strains exhibited low to medium levels of genetic variability (Tables 3 and 4 ) compared with Þeld populations of related aedine species (Brust and Munstermann 1992, Lounibos and Munstermann 1981) . The migration classes often were not in Hardy-Weinberg equilibrium; alleles were classed as homozygotes when individual bands of expected heterozygotes were not resolved. This was done to focus on the phenotypes that were diagnostic; however, this led to three related consequencesÐHardy-Weinberg disequilibrium, an inßated allelic frequency, and a slightly increased genetic distance value. The NeiÕs genetic distance index among the three species were large, especially between A. cretinus and the A. albopictus strains: cretÐalbo ϭ 1.311, cretÐßav ϭ 0.900, alboÐßav ϭ 0. (Brust and Munstermann 1992) . In the intraspecies comparison for A. albopictus, distances among the strains were small (0.015Ð 0.060).
Biochemical Taxonomy. Seven enzyme systems provided diagnostic characters sufÞcient to separate the three species. Enzymes were considered diagnostic if the probability of correct assignment was Ͼ1% (Ayala and Powell 1972) . Although the allele frequencies exceeded 1% in some cases, the heterozygote phenotype was considered a diagnostic marker in the examples when the other two species were Þxed for the alternate diagnostic allele. The diagnostic enzyme markers were ACO, ATA, EST, FUM, GPI, HK, and PGM. Figure 1 presents the morphology of phenotypes for four of these markers in A. albopictus and A. cretinus: PGM ( were not amenable to the dichotomous structure of a key; their phenotypes are described below and their allele frequencies recorded in Table 3 . (Fig. 1D) . Therefore, A. cretinus was distinguished from A. albopictus and A. flavopictus by the presence of HK-3. (Fig. 1C) . In A. albopictus and A. flavopictus, EST-1 and EST-2 blended to form an elongate band.
Esterase (EST). Clear resolution of EST-1 and EST-2 was distinctive of A. cretinus
Diagnostic Migration Distances for A. cretinus and A. albopictus. Aspartate transaminase (ATA): All A. cretinus phenotypes for ATA migrated faster than the A. albopictus alleles (Fig. 1B) . Aedes flavopictus bands migrated similarly to A. albopictus. Rare heterozygote phenotypess in A. flavopictus were identical to those of A. cretinus but the frequencies were very low. Because the 99% criterion for correct species identiÞcation was met, ATA was classed as a diagnostic enzyme.
Hexokinase-2 (HK-2). The A. albopictus phenotypes for HK-2 migrated more slowly than those of A. cretinus and A. flavopictus (Fig. 1D) . (Fig. 1D) . Fixed alternate bands existed for A. cretinus and A. albopictus, while some overlap for the 90 marker occurred at a 5% level between A. cretinus and A. flavopictus.
Hexokinase-4 (Hk-4). The A. cretinus HK-4 phenotypes migrated faster than those of A. albopictus and A. flavopictus
Phosphoglucomutase (Pgm) . Aedes cretinus PGM phenotypes migrated more slowly than those of A. albopictus and A. flavopictus (Fig. 1A) . The Pgm 108 band occurred in the latter two species but at sufÞ-ciently low frequencies to meet the 99% criterion for species diagnosis.
Isocitrate Dehydrogenase-1 (IDH-1). The IDH-1 phenotypes of A. cretinus migrated faster than those of A. albopictus. The A. flavopictus bands did not develop well for this enzyme, and the A. albopictus bands were often weak.
Isocitrate Dehydrogenase-2 (Idh-2). The A. albopictus phenotypes for IDH-2 migrated faster than the respective A. cretinus and A. flavopictus bands and diagnosed it at the Ͼ99% level. Overlapping frequencies occurred for the IDH 94 marker, but in A. albopictus the phenotype was always in the form of a Comparison of Life Stages. Representative larvae and pupae from three laboratory populations were examined for developmental changes in enzyme expression and to ascertain if diagnostic enzymes documented for adult females were reliable for the separation of immature specimens. Distinct differences in the larval enzymes were noted in a subset of enzymes with regard to phenotype frequency (Table 3) , resolution, and intensity of expression.
Overall genetic variation of immature stages was similar to the adults but slightly reduced (an expected consequence of smaller sample sizes). HK and IDH-1 were not included in the BIOSYS-1 analysis because HK exhibited a migration pattern in the immatures completely different from the adult pattern, and IDH-1 exhibited no expression at all in A. albopictus and A. flavopictus immatures. For AO, all Aedes flavopictus larvae showed a migration distinct from the pupae (Table 3) . Although the migrations corresponded to low frequency phenotypes in the adults, these are more likely developmental isozymes whose migration was coincident with the adult forms. Strong differences between immature and adult patterns occurred also for A. flavopictus GPI (Table 3 ). Stage differences in phenotype, allele frequency, or expression among developmental stages for other speciesenzyme combinations were minor or, in the case of A. albopictus MPI, ascribed to sampling error (i.e., small sample size, high intrinsic variation in MPI). Most developmental changes involved differences in resolution and intensity of staining. The loci diagnostic for adults failed to adequately identify immature specimens, primarily because of lowered resolution of individual bands.
Deposition of Voucher Specimens. One hundred ninety three, linked-reared, voucher specimens (pinned adults and associated larva-pupa exuvia in euparal slide mounts) were deposited at the Yale Peabody Museum of Natural History. For A. cretinus, these consisted of 88 slide mounts with larval and pupal exuvia mounted together and with the corresponding adult pinned on a cardboard point; 49 males and 39 females were represented. For A. albopictus, the vouchers consisted of 105 slide mounts with larva and pupa mounted together and with corresponding adult pinned; 50 males and 55 females were represented. Peabody Museum accession numbers are as follows: microscope slides (n ϭ 193) YPM #500000 Ð500192; pinned adults (n ϭ 193) YPM #149301Ð149493. A code number on each microscope slide corresponds with the linked adult specimen.
Discussion
Population Genetic Variation. The frequency data provided a proÞle of the predominant alleles for each putative enzyme locus occurring in Þeld populations. However, resolution was difÞcult under the conditions indicated; low-frequency alleles and alleles producing gel bands in close proximity to frequently occurring alleles were not detected or misrepresented. Low conÞdence in allelic designation for enzymes AO, EST, and MPI was been indicated in the result section and by Fig. 1 ; nonetheless, the R f values locate the relative positions of zones of migration in each species. The A. cretinus strain exhibited the lowest level of genetic variation. Fodele, Crete, the site where the laboratory strain of A. cretinus originated, is a small town contiguous with oak forests retaining sizable populations of A. cretinus (L.E.M., unpublished data). The populations on the island of Crete may have originated from relatively recent founder events, and, moreover, probably little genetic exchange can occur with mainland populations. If the distribution of A. cretinus is as disjunct as collection records indicate, genetic drift may have reduced variation in many A. cretinus populations throughout its range. Alternatively, low variation in the Fodele sample may have been a consequence of sampling error or genetic bottlenecks during the generations as a laboratory colony.
The other laboratory strains also demonstrated reduced levels of genetic variation that probably reßect the effects of laboratory colonization. Heterozygosity in the laboratory strains were generally lower (2Ð18%) than those observed in Þeld samples of several species of the A. scutellaris species group (Pashley et al. 1985) Ñthe group within the subgenus Stegomyia in which A. albopictus and A. flavopictus are included. In contrast, the percentage of polymorphic loci was similar to Þeld populations of A. albopictus (Pashley et al. 1985 , Urbanelli et al. 2000 as was the number of alleles per locus (Kambhampati and Rai 1991, Urbanelli et al. 2000) . Therefore, although the overall variability was decreased, an expected level of variant classes was represented.
Aedes albopictus MARK is the only population that did not go through extensive laboratory colonization.
The A. albopictus MARK population yielded values of genetic variability similar to the three other A. albopictus strains examined. Low variability is common among United States Þeld populations of A. albopictus, probably because of the low numbers of invading genotypes and subsequent rapid dispersal (Hawley et al. 1987, Birungi and Munstermann 2002 ). An alternate hypothesis has proposed that an infectious sweep by the A. albopictus intracellular endosymbiont bacterium, Wolbachia, may be responsible for the unexpectedly low variation in mtDNA genes (Armbruster et al. 2003) . The similarity among A. albopictus MARK and the other A. albopictus colonies indicates that although heterozygosity decreased during colonization, laboratory selection or genetic bottlenecks did not seem to play a signiÞcant role.
Inferences can be only tentative concerning Þeld population genetic structure and variability. First, compared with heterozygosity expectations from the Hardy-Weinberg equilibrium, the number of detected heterozygotes was low. Second, only one strain each of A. cretinus and A. flavopictus were available to the current study. However, for A. albopictus, the allele frequencies were consistent in the four strains examined, and probably represent realistic representation of Þeld values. The allele frequencies and diagnostic enzyme systems demonstrated here for the three species are qualitatively and quantitatively similar to Þeld and laboratory comparisons in other aedine species (Lounibos and Munstermann 1981, Munstermann 1980) . Therefore, species-speciÞc differences characterized in laboratory-impacted strains can be expected to distinguish these species in Þeld populations.
Divergence Among Species. The numbers of diagnostic loci were reßected in the large genetic distances that separated A. cretinus, A. albopictus, and A. flavopictus. NeiÕs (1978) genetic distance indices illustrated that the genetic constitutions of the four A. albopictus strains were very similar, and that the genetic proÞles of the three species were very distinct. Despite similarity in morphological characters, the electrophoretic phenotypes show A. albopictus and A. cretinus to be very dissimilar genetically, with A. flavopictus intermediate between them. The high genetic divergence among the three species, all classiÞed in the same subgroup, highlights how an increased number of characters can provide considerable resolving power in demonstrating genetic relationships among species. A comprehensive reexamination of current mosquito classiÞcation schemes with cladistic or phylogenetic analyses based on biochemical and molecular data will greatly augment the strength of taxonomic relationships established by morphological characters (Munstermann 1995, Munstermann and Conn 1997) .
The inßuence of colonization (genetic bottlenecks and genetic drift) can alter relationships caused by Þxation of alleles (Munstermann 1994) . However, for A. albopictus, the one to nine generations in colony did not seem to affect genetic variability very strongly. The genetic differences revealed among the A. albopictus strains in the current study were similar to those published for A. albopictus from other locales in the United States, Brazil, and Asia (Black et al. 1988a (Black et al. , 1988b Kambhampati and Rai 1991; Urbanelli et al. 2000) .
Additional Biochemical Characters. Species-speciÞc differences were described above in terms of differential electrophoretic mobilities at a particular locus. However, two additional types of species-speciÞc, enzyme phenotypic patterns were observed.
First, four hexokinase loci can be detected in populations of A. aegypti. Hk-1 does not produce sufÞ-ciently dense bands to be interpreted, but Hk-2, -3, and -4 occur as tightly linked loci (Tabachnick 1978) . Four HK band patterns were also observed in A. cretinus. However, phenotypic products of only two loci were evident in A. albopictus and A. flavopictus. These species-speciÞc patterns were not apparent in immature specimens. Larvae and pupae of the three species stained clearly as only a single band. This phenotype did not co-migrate with the adult phenotype and therefore was not speciÞcally identiÞed as one of the four adult loci.
The HK pattern observed in adults may be diagnostic only under speciÞc electrophoretic conditions. In a study of HK activity in mosquitoes, Tabachnick and Howard (1982) identiÞed three HK banding phenotypes in A. albopictus. No evidence for three banding phenotypes in A. albopictus appeared in the current study, however, even though the three were observed in A. aegypti and A. cretinus. The use of different electrophoretic conditions may account for different results (Murphy et al. 1996) . Tabachnick and Howard (1982) used starch gels with a tris-citrate buffer pH 6.9 (Whitt 1970 ), whereas the current study used PAGE with a tris-borate-EDTA buffer pH 8.9 (Black and Munstermann 2004) . The phenotype of "Hk-1" of Tabachnick (1978) appears identical to PGD, whose substrate is generated by hexokinases in sufÞcient quantity to generate a gel band near the gel origin (LE.M., unpublished data).
The distinct differences exhibited in the gel phenotypes (migration differences in bands) unequivocally separated the three species. The taxonomic markers indicated as diagnostic alleles in the biochemical key will prove useful in verifying species identiÞcations as A. albopictus extends its range through the Mediterranean region. Although conÞrmation of the broad applicability of these diagnostic characters to Þeld populations is necessary, the diagnostic loci identiÞed in these laboratory strains appear Þxed.
Several additional enzymes were discounted as candidates for diagnostic loci. IDH-1 did not stain consistently in all strains, and IDH-2 was difÞcult to evaluate because of variation between gels. The distances separating AO bands, although consistent, were very small. Consequently, AO was not recommended as diagnostic assay system because the alleles did not separate well under all electrophoretic conditions. Four enzyme systems (HK, EST, ATA, and PGM) deÞnitively distinguish A. cretinus and A. albopictus.
The enzyme systems that distinguish A. flavopictus from A. cretinus and A. albopictus include HK, EST, ATA, PGM, GPI, FUM, and ACO. Although the gel phenotypes for the latter two are not shown, their diagnostic features are as clear as those illustrated.
In conclusion, the worldwide interest in tracking the spread of A. albopictus has increased the necessity of correct identiÞcation of A. albopictus and related species. This is particularly so where the distributions of A. cretinus and A. albopictus become conßuent; accurate identiÞcations of each species will be necessary before information about the biological differences of the two species in sympatry can be assessed (Taafe 1997) . The current study has elucidated diagnostic enzymes that exhibited species-speciÞc patterns that provide correct species identiÞcations for A. cretinus, A. albopictus, and A. flavopictus. Whereas many loci revealed the same phenotypes in all life stages, the enzyme loci diagnostic in adults did not always prove reliable for identiÞcation of immatures. In adults, Þxed allelic differences distinguished A. cretinus and A. albopictus, but these enzyme assays must be tested in a geographic range of Þeld populations to ascertain the breadth of application. Indices of genetic distance indicate that in spite of striking similarity in morphology, habitat, and classiÞcation, A. cretinus, A. albopictus, and A. flavopictus are not as closely related as these characters may indicate.
